Abstract-Rotor resistance variation due to changing rotor temperature is a significant issue in the design of induction motor controls. In this work, a new on-line rotor resistance estimator is proposed based on an alternate qd induction machine model which simultaneously includes stator leakage saturation, rotor leakage saturation, magnetizing path saturation, and distributed circuit effects in the rotor conductors. Computer simulation studies demonstrate the ability of the estimator to accurately track rotor resistance variation.
I. INTRODUCTION
HE VARIATION of rotor resistance due to rotor temperature can cause significant performance degradation unless it is taken into account. Thus, consideration of rotor resistance variation has been a significant issue in control design, particularly in the case of optimal controls [1] - [6] . Numerous rotor resistance estimators have been proposed in the literature. Most of these estimators [1] - [6] are based on the classical qd induction machine model (CQDM) whose deficiencies have long been noted. These deficiencies include failure to represent stator and rotor leakage saturation, magnetizing path saturation, and distributed system effects in rotor circuits [7] - [12] . Consequently, the performance of rotor resistance estimators based on the CQDM can degrade as operating conditions vary. As an example, suppose a rotor resistance estimator based on the CQDM is used in the context of a field-oriented control in which the flux level is constant. Under these conditions, the estimator should be effective. However, if a maximum torque per amp (MTPA) control strategy is used wherein the flux level varies [13] , the performance of an estimator based on the CQDM is questionable.
Recently, an alternate qd model (AQDM) was proposed [14] . This model simultaneously includes magnetizing saturation, leakage saturation, and the ability to represent distributed effects in the rotor circuits. The model has been shown to yield accurate predictions of machine behavior at both the This work was supported in part by ONR Grant N00014-02-1-0990 " Polytopic Modeling Based Stability Analysis and Genetic Optimization of Electric Warship Power Systems " and by ONR Grant N00014-02-1-0623 " National Naval Responsibility for Naval Engineering Education and Research for the Electric Naval Engineer " fundamental and switching frequencies [13] - [16] .
In this work, a new on-line rotor resistance estimator is proposed based on the AQDM. The proposed estimator is shown to predict actual rotor resistance with good accuracy regardless of changing operating conditions. The performance of the proposed estimator is demonstrated using both computer simulation and laboratory experiment through incorporation into a control strategy which employs the proposed estimator.
II. NOTATION
In this work, electrical rotor position is designated r θ and electrical rotor speed r ω . These quantities are related to the mechanical rotor position rm θ and mechanical rotor speed rm ω by a factor of / 2
P
where P is the number of poles. This work will make use of a transformation of variables to both the rotor and synchronous reference frames. The transformation of stator or inverter quantities may be expressed
where ' y ' may be ' s ' for stator, ' i ' for inverter , or ' m ' for magnetizing, ' f ' may be a ' v ' for voltage, ' i ' for current, or ' λ ' for flux linkage, and where 
A more detailed discussion of reference frame theory and notation is set forth in [17] .
III. ALTERNATE QD INDUCTION MACHINE MODEL
The steady-state equivalent circuit representing the AQDM in [15] is shown in Fig. 1 . Therein, the AQDM has been modified slightly in that the rotor resistance corresponds to a 1st order rather than an arbitrary order network. This is possible because the model is only being used to predict fundamental frequency behavior at low slip values. As can be seen, the rotor impedance, The functional forms of machine parameters for AQDM parameters, which are stator and rotor leakage inductances, the absolute inverse magnetizing inductance, and the rotor admittance, are specified as follows:
( ) ( ) 
( ) ( ) The test system for this work utilizes a 4-pole, 460 V, 50 Hp, 60 Hz, delta-connected squirrel cage induction machine. Using the methods set forth in [16] , the machine parameters of AQDM for the test induction machine are listed in Table. I. Fig. 2 illustrates the effect of temperature on the electromagnetic torque using the control law (11)- (12) . Therein, the induction machine is driven at a speed of 900 rpm at a torque command of 150 Nm. This corresponds to the inverter current command s I = 61.58 A and the slip frequency command s ω = 2.6829 rad/s. The torque was measured by a torque estimator, which was shown to be highly accurate when the induction machine is rotating at moderate to high speeds [18] [19] . Trace (a) illustrates the measured electromagnetic torque versus surface temperature of a point on the stator of the test induction machine, which was measured using a Fluke 65 infrared thermometer. The time at which each data point was taken relative to the beginning of the study is designated X + where X is the time in minutes. The torque and the surface temperature of the test induction machine were measured every 5 minutes. It is shown in trace (a) that the variation of the measured electromagnetic torque is significant as stator temperature of the induction machine rises. As can be seen, as the stator surface temperature (and presumably rotor temperature) rises, the torque increases, reaches a maximum, and then decreases. The rotor resistance at maximum torque point (near 43 C ) corresponds to the effective rotor resistance used to design the MTPA control law in (11)- (12) . At this point the measured torque is very close to the commanded torque. (11)- (12) In the Fig. 2 trace (b) , the measured torque at the estimated optimal slip frequency command in (12) is compared with two additional sets of torque measurements taken at 110 % and 90 % times the estimated optimal slip frequency command * s ω defined by (12) . At low temperatures where rotor resistance is smaller than the rotor resistance used to design MTPA control strategy, the torque measured at 90 % times can also be seen that as the study proceeds in time, eventually the slip frequency command of 110 % of * s ω yields the most torque. However, for some temperature region, maximum torque per ampere condition is in fact achieved at the estimate optimal slip frequency command * s ω defined by (12) . These observations lead to the conclusion that to avoid the degradation in the performance of MTPA control strategy due to rotor resistance variation, the actual rotor resistance should be estimated and taken into account in design of the MTPA control strategy.
V. DERIVATION OF ROTOR RESISTANCE ESTIMATOR
The previous section justifies the need for estimating the actual varying rotor resistance due to changing rotor temperature. In this section, a new on-line rotor resistance estimator based on AQDM is proposed. This estimator will be shown to predict the actual rotor resistance with high accuracy regardless of changing operating conditions.
The rotor resistance estimator can be derived from the AQDM steady-state equivalent circuit shown in Fig. 1 , where rotor resistance can be treated as lumped parameter within the normal control range of slip frequency [20] . From stator measurements, the stator input impedance qs Z can be observed.
By equating the measured value to the value corresponding to the stator equivalent circuit, the stator impedance in looking into input terminal may be expressed as 
where RB Z is the impedance of rotor branch defined as
From (16), the estimated rotor resistance may be expressed
In (17), the superscript '^' in ˆr z r serves as a reminder that this is the estimated value. By the substitution of (14) into (15) 
Hence, the estimated rotor resistance ˆr z r may be computed by substituting (18) into (17) and simplifying, which yields ( ) 
Since the estimator is based on the steady-state equivalent circuit, it is desirable to prevent transient behavior from influencing the estimator in an undesirable way. This is accomplished using a slew rate limiter (SRL) to limit the rate of change of an estimated value in (19) beween min α and max α .
In the test system, those were set to -5 s / mΩ and 5 s / mΩ , respectively.
Due to the switching noise inherited in a current controlled induction machine drive used in this work [13] , the estimated rotor resistance is filtered through low-pass filter. Since the rotor resistance will normally vary slowly, this time constant, rrz τ , can be made quite slow. In the experimental implementation, a value of 1.5 s is used. Finally, to keep the estimated rotor resistance in reasonable range, the resulting estimated rotor resistance is bounded between ,min rz r and ,max rz r . For the test system, these were selected to be 0.09 Ω and 0.35 Ω , respectively.
VI. VALIDATION OF ROTOR RESISTANCE ESTIMATOR
The performance of the proposed rotor resistance estimator was investigated using both computer simulation and laboratory experiment. Since the actual rotor resistance is unknown and cannot be directly measured, a computer simulation study was used to determine if the estimator would track a time-varying rotor resistance. For the computer simulation study, the AQDM with the parameters listed in Table I was used for a truth model. The rotor resistance was initially set to 0.11 Ω and varied to simulate rotor temperature rise. Since the rotor circuits in AQDM are represented by the rotor admittance where rotor resistance is implicit, the rotor admittance is varied rather than the rotor resistance itself. To this end, the dc component of rotor admittance specified in (10) is selected, which is ( ) 
The exponential function is selected to emulate trend of rotor resistance variation which starts to increase faster at the beginning of induction machine operation and rises up slower as the temperature approaches steady-state condition. The induction machine was assumed to be driven at a speed of 900 rpm. This study includes the performance of the estimator during step changes in operating condition. The variation of actual rotor resistance is used in accordance with (28). In addition, during the study, three operating conditions are generated by the MTPA control law in (11)- (12) . At the start, the test induction machine was operated in a moderate load, at which torque command was given 130 Nm. After the operation at this load for 300 s, the torque command was reduced to 20 Nm. Finally, at t = 600 s, the torque command was stepped up to 180 Nm.
Based on this test condition, the performance of the rotor resistance estimator for this study is shown in Fig. 4 . Trace (a) shows the comparison between actual rotor resistance and the estimated rotor resistance and trace (b) depicts the errors between the two. It is shown that the rotor resistance estimator predicts the rotor resistance with high accuracy regardless of operating conditions and that the degradation of rotor resistance estimator performance in transient period is not significant due to the SLR (herein, less than 4% error).
For the experimental study, since it is difficult to directly measure the actual rotor resistance of the test induction machine, the performance of this rotor resistance estimator is validated by comparing the performances of two MTPA control strategies. The first MTPA control strategy is static in the sense that it is based on a constant rotor resistance in its design. This static MTPA control law is specified by (11)- (12) . The second MTPA control strategy is adaptive and explicitly includes rotor resistance as a part of the control law as in [20] . Using same procedure set forth in [20] , the control law for the test machine may be expressed as ( ) 
In this adaptive MTPA control law, the resistance is determined by the proposed rotor resistance estimator. Proper performance of this control strategy relies on accurate knowledge of the rotor resistance. performance of the adaptive MTPA control strategy. As can be seen, the torques produced by the adaptive MTPA control strategy are much closer to the torque command of 150 Nm than those produced by the static MTPA control strategy, thus indicating that the proposed rotor resistance estimator accurately predicts the rotor resistance. It is interesting to note that the torque produced by the adaptive MTPA control strategy gradually increases with temperature although it is always within 1 % of the commanded value. This may be the result of changing core losses or permeability with temperature.
VII. CONCLUSION
It was experimentally shown that the MTPA control strategy performs sub-optimally unless rotor resistance variation due to rotor temperature change is taken into consideration. In order to always maintain optimal performance of the MTPA control strategy, a new AQDM based rotor resistance estimator is proposed in this work. The proposed estimator is designed to predict the rotor resistance regardless of operating condition, since it takes magnetizing saturation and leakage path saturation into account.
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